.-Liquid can be instilled into the pulmonary airways during medical procedures such as surfactant replacement therapy, partial liquid ventilation, and pulmonary drug delivery. For all cases, understanding the dynamics of liquid distribution in the lung will increase the efficacy of treatment. A recently developed imaging technique for the study of real-time liquid transport dynamics in the pulmonary airways was used to investigate the effect of respiratory rate on the distribution of an instilled liquid, surfactant, in a rat lung. Twelve excised rat lungs were suspended vertically, and a single bolus (0.05 ml) of exogenous surfactant (Survanta, Ross Laboratories, Columbus, OH) mixed with radiopaque tracer was instilled as a plug into the trachea. The lungs were ventilated with a 4-ml tidal volume for 20 breaths at one of two respiratory rates: 20 or 60 breaths/min. The motion of radiodense surfactant was imaged at 30 frames/s with a microfocal X-ray source and an image intensifier. Dynamics of surfactant distribution were quantified for each image by use of distribution statistics and a homogeneity index. We found that the liquid distribution depended on the time to liquid plug rupture, which depends on ventilation rate. At 20 breaths/min, liquid was localized in the gravity-dependent region of the lung. At 60 breaths/min, the liquid coated the airways, providing a more vertically uniform liquid distribution. surfactant replacement therapy; respiratory distress syndrome; drug delivery; exogenous lung surfactant; liquid bolus instillation DIRECT INSTILLATION OF A LIQUID bolus into the lung occurs during surfactant replacement therapy, which is now a standard treatment for neonates with respiratory distress syndrome (5, 18, 19, 24) . In some studies, it has reduced infant mortality by half (24). The instilled bolus has been studied either as a prophylactic dose at birth or as rescue doses given several hours after delivery (19). The intratracheal bolus spreads by a combination of various physical forces. The initial spreading can be quite rapid (2, 6), reaching substantial portions of the lung fields in 20 s. The early response of improved oxygenation for the patient appears to result from an increase in functional residual capacity (4, 13) when increased tidal volumes are used rather than end-expiratory volume (20) .
DIRECT INSTILLATION OF A LIQUID bolus into the lung occurs during surfactant replacement therapy, which is now a standard treatment for neonates with respiratory distress syndrome (5, 18, 19, 24) . In some studies, it has reduced infant mortality by half (24) . The instilled bolus has been studied either as a prophylactic dose at birth or as rescue doses given several hours after delivery (19) . The intratracheal bolus spreads by a combination of various physical forces. The initial spreading can be quite rapid (2, 6) , reaching substantial portions of the lung fields in 20 s. The early response of improved oxygenation for the patient appears to result from an increase in functional residual capacity (4, 13) when increased tidal volumes are used rather than end-expiratory volume (20) .
Exogenous surfactant administration also has been used with varying degrees of success as a therapy for acute respiratory distress syndrome (23, 33) , for mitigation of oxygen-toxic lung injury (25, 29) and wood smoke inhalation injury (10) , for improvement of lung transplant results (26) , for treatment of ventilation-induced lung injury (38) , and for treatment of meconium aspiration (27, 42) . It has been effective in animal models of saline-lavage lung injury for pigs (34) and sheep (22) . Another instance of liquid instillation into the lung occurs with perfluorocarbons used for partial liquid ventilation (11, 21, 36, 43) or used as a vehicle for delivery of medications such as antibiotics (7, 32) or genetic material (40, 41) .
In surfactant replacement therapy, several parameters involving the physiology and the applied technique may affect surfactant transport (31) : the bolus volume (12) , its injection rate (9, 37) , gravity and orientation (37) , development of airway occlusion by the liquid (2, 8) , ventilation parameters at normal or high frequency (16, 30) , alveolar recruitment (4, 13, 20) , the viscosity and surface tension of the fluid instilled, the dose strength, the instillation site, and repeat dosing protocols and intervals.
In Cassidy et al. (2) , our laboratory showed that the method of liquid instillation affects how the liquid distributes within the lung. In that study, exogenous surfactant (Survanta) mixed with a radiopaque tracer was instilled into tracheae of vertical, excised rat lungs (ventilation 40 breaths/min, 4 ml tidal volume). Two methods of liquid instillation were examined and compared: 1) liquid drains by gravity into the upper airways followed by inspiration; and 2) the liquid initially forms a plug in the trachea, followed by inspiration. The experiments were imaged via X-rays and were continuously recorded at 30 frames/s. The fluid transport dynamics of the initial breaths were quantified statistically and were shown to follow trends for liquid plug propagation theories. We found that the formation of a liquid plug in the trachea before the first inspiration results in a liquid distribution that is twice as homogeneous as instillation by gravity-driven liquid draining. From that study, we concluded that the formation of a liquid plug in the trachea, before inspiration, is important in creating a more uniform liquid distribution throughout the lungs.
Research on liquid plug or bubble propagation in conduits spans a number of applications ranging from oil recovery in porous rock to liquid instillation in the lung. Theories have been developed for rigid tubes (1, 39) , rigid channels (14) , flexible tubes (17) , and branching tube networks such as the lung (8, 15) . One of the key results is that when a liquid plug with viscosity , density , and constant surface tension propagates at speed U inside a tube of radius a, it deposits a trailing film along the tube wall whose thickness, h, depends on these parameters. In the simplest case, in which viscous forces are large and gravitational and inertial forces are negligible, the thickness of the trailing film h can be determined as a function of the propagation speed U and the other parameters in a dimensionless relation of the form h/a ϭ (Ca) where Ca ϭ U/ is the capillary number. In general, the trailing film thickness increases as Ca increases. For Ca Ͻ Ͻ 1, (Ca) Ϸ Ca 2/3 (1, 28), whereas for arbitrary Ca the numerical results in Ref. 15 are well fit by the curve (Ca) ϭ 0.36[1Ϫexp(Ϫ2Ca 0.523 )]. This latter expression asymptotes to (Ca) ϭ 0.36 as Ca 3 ϱ, which correlates to the experimental results in Ref. 35 .
In the present study, we investigate the effect of breathing frequency on the distribution of an instilled liquid plug in excised rat lungs. The purpose is to understand better the interplay of plug propagation dynamics discussed above with gravitational mechanisms of transport. Because the trailing film thickness decreases with smaller plug speeds, benchtop experiments (3) have shown that a liquid plug traveling at a slow speed in a tube remains intact for a longer period of time until it ruptures. Using this information, we hypothesize that a liquid plug instilled at a slow ventilation rate into a vertically oriented lung will remain intact longer and, thus, deliver liquid deeper into the gravity-dependent regions of the lung than a liquid plug instilled at a fast ventilation rate. For faster ventilation rates, we hypothesize that the liquid plug will rupture more quickly, and, as a result, most of this liquid instilled from this situation will coat the large central airways. If true, these simple changes in ventilation rate could be easily implemented to optimize delivery of surfactant or drugs to different regions of the lung. In summary, the many different protocols in the literature that are used to administer surfactant or other liquids into the lung have been developed through experience of trial and error. The present study and our laboratory's previous work (2) are designed to investigate the physical mechanisms that determine the resultant distribution of instilled liquid. The aim is to provide a scientific basis for developing delivery protocols and techniques that will enhance the desired targeting and distribution.
METHODS

Experimental Methods
The effect of respiratory rate on liquid transport and distribution in rat lungs was studied. A single small bolus (0.05 ml) of natural exogenous surfactant combined with a radiopaque tracer was slowly injected to plug the tracheal cannula of a rat. The lung was ventilated with 4-ml tidal volumes of gas that forced the liquid plug into the lung of the rat. The ventilation rate was 20 breaths/min in one group of rats and 60 breaths/min for the other group. By comparison, our laboratory's previous study (2) used a ventilation rate of 40 breaths/min. X-ray images of the first 8 breaths and the 20th breath were recorded in real time, enabling observation and statistical evaluation of macroscale liquid dynamics in the airways.
All protocols were reviewed and approved by the local Animal Studies Subcommittee and performed according to Institutional Animal Care and Use Committee guidelines and conformed to the Guide for the Care and Use of Laboratory Animals of the National Institutes of Health.
Surfactant material. The surfactant used is a natural exogenous surfactant preparation made from bovine lung surfactant, Survanta (Ross Laboratories). Meglumine diatrizoate (0.6 g/ml; Sigma Chemical, St. Louis, MO) was added to the liquid surfactant mixture to increase X-ray absorbance of the liquid. The viscosity and surface tension of the surfactant and surfactant ϩ meglumine diatrizoate (SMD) were measured previously at room temperature (2) . The viscosity of surfactant and SMD was 45 and 10 cStokes, respectively. The surface tension of surfactant and SMD was 48 and 54 dyn/cm, respectively.
Animal preparation. Lungs from 12 healthy Sprague-Dawley rats (347 Ϯ 79 g) were prepared for study as follows. Each rat was anesthetized with pentobarbital sodium (40 mg/kg body wt ip). The trachea was clamped, dissected away from the surrounding tissue, and severed in a transverse plane. Tracheal diameters for these rats averaged 3.0 mm, which is at the lower end of preterm human tracheal diameters that range from 3 to 5 mm. The trachea was cannulated with a polyethylene tube (PE 240, OD ϭ 0.242 cm and ID ϭ 0.167 cm). The chest was opened. The lungs were removed, suspended vertically from the tracheal cannula, and placed in a 52-mm ID clear plastic cylinder. A small polyethylene tube (PE 50, OD ϭ 0.097 cm and ID ϭ 0.058 cm) was inserted into the tracheal cannula for instillation of SMD. The tracheal cannula was attached to a Columbus Instruments small animal ventilator (CIV-101, Columbus, OH). The lungs were inflated several times to ϳ14 mmHg transpulmonary pressure to remove any atelectasis resulting from the dissection procedure and then deflated to approximately functional residual capacity (4 mmHg transpulmonary pressure). Lungs were ventilated initially with 4-ml tidal volume at 20 breaths/min.
Experimental setup and procedure. For the experiment, each lung was ventilated with a 4-ml tidal volume of gas containing 15% O 2, 6% CO2, balance N2 at a single predetermined ventilation rate: either 20 or 60 breaths/min. Before surfactant instillation, images of the empty ventilating lung were taken for baseline measurements. The imaging system consisted of a Fein-Focus FXE-100.50 X-ray tube with 3-m focal spot, a North American Imaging AI-5830-HP image intensifier, and a Silicon Mountain Design 1M15 charge-coupled device camera (Silicon Mountain Design, Colorado Springs, CO) (Fig. 1) . Projection images (two-dimensional) of the ventilating lung were collected at 30 frames/s.
After the empty lung was imaged, ventilation was paused at end expiration, and a 0.05-ml bolus of SMD was slowly injected into the tracheal cannula via the small polyethylene tube over 2.8 s such that the bolus formed a liquid plug in the cannula. The X-ray system was activated, and imaging of the lung began. Then, ventilation at the rate used for the baseline measurement (either 20 or 60 breaths/min) was started and continued for 20 breaths, at which point ventilation was stopped. The lung remained inflated at a transpulmonary pressure of 4 mmHg while X-ray images of the lung at this condition were collected.
Image Processing and Analysis
The transport of SMD throughout the lung is visible in the planar two-dimensional images collected by the X-ray system ( Fig. 2A) . The digitized images are 512 ϫ 512 pixels, 8 bits/pixel, and have a numerical intensity value I(x,y) ranging from 0 (black) to 255 (white) with a gray scale level between. Lung regions containing the radiopaque SMD absorbed more X-rays than empty regions and have smaller intensity values than the empty regions. For each lung image with SMD, a corresponding image of the empty lung was found with an intensity of I 0(x,y) for each pixel. This image of the lung with instilled liquid is compared with an image of the empty lung (without liquid) for both image analyses.
Distribution statistics. The first image analysis used Beer's law to determine a probability density function that described the distribution of surfactant in each lung image. The first four moments of the probability density function were calculated to further characterize this probability density function. Each image of the lung with liquid and the lung without liquid (both sampled at 30 frames/s) was loaded into Matlab (MathWorks) and converted to a double-precision matrix. Beer's law quantifies the absorbance of X-rays by the material in the image.
I͑x,y͒ ϭ I 0 ͑x,y͒e
I is the intensity of an image containing material, I 0 is the intensity of an image without material, m is the absorption coefficient of the material, and z is the path length of the X-ray as it travels through the material. When lung tissue is interrogated by X-rays, Eq. 1 can be rewritten as
I T is the intensity of the lung tissue, mT is the absorption coefficient of the lung tissue, and zT is the path length of the X-ray through the This gray scale image, where areas with liquid are lighter, was used to calculate the statistical moments. C: image from B was thresholded to make binary and divided into quadrants. lung tissue. When X-rays pass through the lung tissue-surfactant system, Eq. 1 can be rewritten as
Equation 3 describes the lung tissue and surfactant system where ITS is the intensity, mTS is the absorption coefficient, and zTS is the path length of the X-ray for this lung tissue-surfactant system. The absorbance of X-rays by the surfactant only (m SzS) is calculated by subtracting the lung tissue absorbance from the tissue-surfactant absorbance in a pixel-by-pixel manner. This relationship can be written in terms of intensities using Eqs. 2 and 3.
The absorbance matrix, AS(x,y), was filtered by a threshold-limited process that sets pixels with a value less than a predetermined value to zero. This filtering reduced low-intensity artifacts. Additionally, AS(x,y) was cropped to eliminate extrapulmonary lung regions (Fig. 2B ). In the resulting absorbance matrix, only the shadow of the radiopaque liquid remained visible. The origin of the (x,y) coordinates was positioned on the image above the carina on an imaginary line joining the top of the right and left lungs ( Fig. 2A) . Positive x points vertically downward along the axis of the trachea toward the carina (in the direction of gravity), and positive y points horizontally toward the right lung.
In general, a probability density function of the liquid mass was characterized so that the distribution of liquid could be quantified. For this study, a marginal probability density function was defined to calculate the distribution statistics in each direction. For example, the marginal probability density function in the vertical direction was defined as follows.
Using Eq. 5, we can calculate the kth moment about the x mean, x .
Four statistical quantities in the vertical direction were defined on the basis of the first four moments.
The skewness indicates the degree of asymmetry of the distribution around its mean. A positive (negative) skewness indicates the mean Ͼ median (mean Ͻ median), and the distribution has an asymmetrical tail extending out toward more positive (negative) direction. The kurtosis designates the relative peakedness or flatness of a distribution relative to a normal distribution. A distribution that has a positive (negative) kurtosis is more peaked (flat) than a normal distribution. By using these statistics, the shape and uniformity of the liquid distribution in the lung can be determined for both x and y directions. Homogeneity index. To provide a macroscopic measure of the uniformity of liquid delivery, the lungs were divided into four quadrants, and liquid deposition among these quadrants was compared to assess the homogeneity of distribution. The image of the empty lung at a given point in the breathing cycle was subtracted, pixel by pixel, from the lung image containing surfactant at the same point in the breathing cycle. A thresholding method, chosen as 10% of the gray scale, was used on the resulting image so that pixels with an absorption greater than the threshold value were given a value of one and all other pixels values were set equal to zero. All extrapulmonary lung regions were cropped (i.e., pixel values set equal to zero). An example of a raw lung image containing surfactant and the same image processed via image subtraction and thresholding can be seen in Fig.  2 , A and C. The thresholded image was divided into four main quadrants based on the center of gravity of the empty lung. To the viewer, the quadrants of the lung are labeled counterclockwise from the trachea as follows: upper left (UL), lower left (LL), lower right (LR), and upper right (UR). The thresholding method identifies pixels in the lung image where SMD is present. Within each quadrant, the number of pixels, i.e., the area reached by the liquid, is divided by the area of the quadrant. This value, the area reached (AR), is presented as a fraction of the area within the quadrant and accounts for any variation in area among the lung quadrants. The homogeneity index (HI) is defined as the smallest AR value of the four lung quadrants divided by the largest AR value of the four lung quadrants within the same image. This actually represents the minimum value of HI for distribution of liquid between any two lung quadrants. For example, if the lung quadrants are reached at a level of AR ϭ 0.40 in LL, 0.15 in LR, 0.10 in UL, and 0.35 in UR, then HI ϭ 0.25. If all four quadrants have the same AR value, then the distribution is considered to be 100% homogeneous (HI ϭ 1.0) at that time in the breathing cycle, regardless of how much of the entire lung is filled. Thus the HI is a measure of the liquid that reaches a lung quadrant compared with the values in other quadrants.
RESULTS
Lung Images from Breaths 1 and 2
Figure 3 shows images of two representative lungs, one ventilated at 20 breaths/min and the other at 60 breaths/min, during the first two breaths. For each panel, the images were taken at the same lung volume and part of the ventilatory cycle. Figure 3A shows the two lungs after inspiration of ϳ16% of the first tidal volume. For the 20 breaths/min lung (Fig. 3Aa) , the liquid has been driven into the main stem bronchi and a few smaller airways. The white arrow points to a liquid plug in upper region of the left main stem bronchi; liquid from this plug is draining via gravity down the airway wall. For the 60 breaths/min lung (Fig. 3Ab) , the instilled plug has ruptured in the trachea and liquid has coated the walls of the trachea and upper main stem bronchi. Through the remainder of this first breath, liquid moves by gravity-driven film flow. Figure 3B shows the two lungs at the end of expiration of the first breath. For the 20 breaths/min lung, two plugs are present (white arrows) in the distal airways. These plugs formed during expiration as the lung decreases in volume and liquid drains into the smaller airways. On inspiration of the second breath (not shown), these plugs are driven into the terminal regions of the lung, delivering liquid to the distal lung after only two breaths. For the 60 breaths/min (Fig. 3Bb) , liquid has moved by gravity-driven flow toward the distal end of the large airways and the base of the lung. The liquid film on the gravitydependent side of the central airway walls appears to be thicker for the 60 breaths/min lung than the 20 breaths/min lung. The two lungs were imaged at end expiration of the second breath (Fig. 3C) . For the 20 breaths/min lung, the liquid plugs seen in Fig. 3Ba have been driven into the finer structures of the gravity-dependent region of the lung. At the end of the second Moving from A to B to C for the 20 breaths/min lung, the liquid is seen progressing toward and becoming localized in the gravity-dependent region of the lung. When the 60 breaths/ min lung is examined in the same manner, the liquid can be seen moving toward the gravity-dependent regions of the lung. However, a smaller portion of liquid moves to those regions and a larger amount of liquid appears to remains on the airway wall compared with the 20 breaths/min lung. A quantification of these observations is given by the distribution statistics.
Statistical Analysis
Comparison per breath. Figure 5 shows the vertical mean (A), standard deviation (B), skewness (C), and kurtosis (D) at end expiration. The average value of each of these distribution statistics from the 20 breaths/min and 60 breaths/min group was plotted with error bars for breaths 1-8 and 20. Statistical differences between groups at each breath were calculated by using a two-tailed Student's t-test where P Ͻ 0.05. The mean and standard deviation were normalized by the length of the lung at end-expiratory lung volume. Figure 5A shows that the location of the vertical mean of the distribution increases with breath number for both groups. The mean of the 20 breaths/min group is statistically greater, i.e., further downward, than the 60 breaths/min for all breaths studied. The standard deviation (Fig. 5B) is statistically similar for both groups and remains fairly constant with respect to breath number. The skewness (Fig. 5C ) for both groups decreased with breath number and was negative at the final breath, breath 20. This indicates that the distribution has a long tail extending from the gravitydependent region of the lung to the trachea (see Fig. 8 ). The 20 breaths/min group had a statistically more negative skewness for all breaths compared with the 60 breaths/min group. The kurtosis increases with breath number and becomes positive after breath 3 for the 20 breaths/min group. This means the distribution in the 20 breaths/min group becomes more peaked compared with a normal distribution with increasing breath number. In contrast, the kurtosis for the 60 breaths/min group remains negative for all breaths studied. This indicates that the liquid distribution in the 60 breaths/min group is flatter than a normal distribution for all breaths (see Fig. 8 ). The kurtosis is statistically different between the two groups for breaths 4 through 20.
In the horizontal direction, all statistical measures are statistically equivalent between groups for all breaths studied except for the kurtosis. For breaths 1-8 and 20, the mean of the distributions is ϳ0.5, the standard deviation for the distributions is ϳ0.15, and the skewness is ϳ0 for both 20 and 60 breaths/min. For 20 breaths/min, the kurtosis is zero at breath 1 and decreases steadily to about Ϫ0.5 at breath 20. This means the horizontal liquid distribution for 20 breaths/min is slightly less peaked than a normal distribution. For 60 breaths/ min, the kurtosis has a value of 2 at breath 1, has a value of 1 at breath 2, and decreases steadily to ϳ0.2 at breath 8. Over these first eight breaths, the horizontal kurtosis is significantly larger and positive for 60 breaths/min than 20 breaths/min, meaning the horizontal distribution for 60 breaths/min is more peaked than that for 20 breaths/min. At breath 20, the horizontal kurtosis is statistically similar for the two groups at about Ϫ0.5.
Comparison per time. In addition to comparing the two groups of animals per breath, we also compared the average value of each distribution statistics between groups with respect to time. The comparisons were made at 1-s intervals starting at 0.9 s postinstillation (i.e., end expiration of the first breath for 60 breaths/min) and continuing for the first 15 s and then at the 20th second. The trends for each distribution statistic followed those described in Comparison per breath. Between the two groups, three distribution statistics were significantly different. The vertical mean of the distribution was statistically larger for 20 breaths/min than 60 breaths/min at all time points considered. The vertical skewness was statistically different between the two groups for the first 15 time points only. After the sixth time point, the vertical kurtosis was statistically larger for 20 breaths/min than 60 breaths/min for the remaining time points. Over this interval, the 20 breaths/min had a positive kurtosis whereas the 60 breaths/min had a negative kurtosis. The horizontal kurtosis, although statistically different when compared per breath, was not statistically different between groups when compared with respect to time. Figure 6 shows the AR for each lung quadrant for the 20 breaths/min group (Fig. 6A ) and the 60 breaths/min group (Fig. 6B) . These AR values are plotted with error bars at end expiration for breaths 1-8 and 20. For both groups, the lower two quadrants AR values increase with breath number whereas the upper two quadrants AR values decrease with breath number. However, for 60 breaths/min, the upper quadrants have larger AR values than the lower quadrants over the first four breaths, and AR values for all quadrants converge toward ϳ0.13 at breath 20. For 20 breaths/min, the AR value for the LL quadrant increases rapidly after the first breath and reaches ϳ0.22 at breath 20, and the AR values of the other three quadrants converge to ϳ0.1 at breath 20. Statistical differences between groups at each breath were calculated by using a two-tailed Student's t-test where P Ͻ 0.05. The AR value of each quadrant for 20 breaths/min was compared with its corresponding quadrant for 60 breaths/min with respect to breath. A statistical difference was not found in AR values between groups for the UL and LR at any breath number studied. The AR value for the LL at 20 breaths/min was statistically larger than that value at 60 breaths/min for breaths [1] [2] [3] [4] [5] [6] [7] [8] . At 60 breaths/min, the AR value for the UR was statistically larger than that value at 20 breaths/min for breaths [1] [2] [3] [4] [5] [6] [7] [8] . When the AR value of each quadrant for 20 breaths/min is compared with its corresponding quadrant for 60 breaths/min with respect to time, the same statistical differences were found as described above.
AR and HI
AR per breath.
HI. The average HI for 20 breaths/min and 60 breaths/min at end expiration was plotted with error bars for breaths 1-8 and 20 (Fig. 7) . For 20 breaths/min, HI has a value of ϳ0.5 at breath 1 and decreases to ϳ0.37 at breath 20. For 60 breaths/ min, the value of HI is ϳ0.22 at breath 1 and increases to ϳ0.45 at breath 20. The two trends of HI vs. breath appear to intersect at breath 7. The value of HI for 20 breaths/min is statistically greater than 60 breaths/min for breaths 1-3 and statistically less than 60 breaths/min for breath 20 . With respect to time, the value of HI for 20 breaths/min is statistically greater than 60 breaths/min for the first 4 s and is statistically less than 60 breaths/min at the 20th second.
DISCUSSION
To appreciate more fully the results of the vertical statistics, we have plotted the vertical distribution of a representative animal from the 20 breaths/min group and 60 breaths/min group in Fig. 8 . On the ordinate, the vertical lung position has been normalized by the length of the lung where zero indicates the top (i.e., the location of the coordinate system) and one indicates the bottom of the lung. The marginal probability density lies on the abscissa and is given by Eq. 5. The mean of each distribution is indicated by a solid line and the median (i.e., 50th percentile) of each distribution is indicated by a dashed line. Both of these distributions correspond to the given lung at end expiration of breath 6 and are representative of the average statistical values presented in Fig. 5 . From Fig. 8 , the vertical distribution of 60 breaths/min is more uniform than that of 20 breaths/min. First, the 60 breaths/min distribution is relatively flat and the 20 breaths/min distribution is relatively peaked compared with a normal distribution. This feature of the distribution is summarized in the kurtosis statistic, in which a negative kurtosis (60 breaths/min) indicates a flatter distribution and a positive kurtosis (20 breaths/min) indicates a peaked distribution. Second, the 20 breaths/min distribution is more skewed, toward the trachea in this case, than the 60 breaths/min. The skewness of the distribution quantifies the difference between the mean and the median of the distribution. A negative skewness indicates the median of the distribution is shifted to the right (i.e., into the dependent lung) of the mean. Thus a majority of the distribution's mass resides further downward in relation to the mean. For Fig. 8 , the skewness is negative for both distributions but more negative for the 20 breaths/min distribution than 60 breaths/min. The difference between the mean and median is larger for 20 breaths/min than 60 breaths/min and, thus, a larger majority of the mass of the 20 breaths/min distribution resides to the right of the mean.
Using the picture of the vertical distribution provided by Fig.  8 , we examined the vertical distribution results summarized in Fig. 5 . For the 20 breaths/min group, we notice that the mean of the distribution increases, the skewness decreases to become more negative, and the kurtosis increases to become more positive with breath number. These results show that the 20 breaths/min delivers liquid vertically deeper into the lung with each breath (mean), and most of the liquid becomes localized in sites that are deeper in the lung than the mean of the distribution (skewness and kurtosis) with each breath. Relative to the 20 breaths/min results, the 60 breaths/min mean is less, the skewness is less negative, and the kurtosis is negative. Thus 60 breaths/min has a more uniform vertical distribution relative to 20 breaths/min at each breath.
In Fig. 6 , notice that in the first breath for 20 breaths/min and the first four breaths for 60 breaths/min, the upper quadrants have larger AR values than the lower quadrants for both frequencies. This fact is because the liquid must travel through the upper lung quadrants before reaching the lower quadrants. With increasing breath number for 60 breaths/min, the upper quadrant AR values decrease as liquid drains from the upper lung into regions of the lower lung without liquid causing the lower region AR values to increase. Thus, with increasing breath number, the AR value in all quadrants converge to similar values. This increase in homogeneity between regions is summarized by HI in Fig. 7 . HI increases with increasing breath number for 60 breaths/min. In contrast, HI decreases for 20 breaths/min because with increasing breaths liquid becomes more localized in the gravity-dependent part of the lung. For this homogeneity analysis, the liquid is localized to the LL quadrant. This result is similar to the statistical moment analysis finding. The liquid distributions after breath 3 appear to be the result of plug propagation and gravity mechanisms on the initial liquid instillation.
In our study, the liquid properties are the same in both groups of rats. Thus the thickness of the trailing film on the airway walls is directly related to instillation speed or respiratory rate, which determines U in the capillary number. As a corollary, the time to plug rupture is inversely related to instillation speed. With a rapid instillation (60 breaths/min), a thicker liquid film is deposited on the airway wall and the instilled plug ruptures relatively quickly after instillation. In contrast, the slower instillation of liquid (20 breaths/min) promotes a thinner trailing film of liquid on the airway wall and maintains an intact plug for a longer period of time (see Fig. 3,  A and B) . As a result, a larger portion of the instilled liquid is delivered to the gravity-dependent portions of the lung within a few breaths for 20 breaths/min, but for 60 breaths/min most of the instilled liquid is initially deposited on the walls of the larger, central airways.
The presence of liquid plugs in the airways appeared to be a crucial feature to determining liquid delivery. To quantify this effect, we estimated the volume of each plug in the larger airways during the first 3 s of liquid instillation for both groups. This estimate was made by assuming a cylindrical plug shape that was evenly bisected by the plane of the image giving its length and diameter. The volumes of these plugs were summed for each image and normalized by the volume of the initial instilled plug. This normalized, total plug volume for each image was plotted vs. time in Fig. 9 for a representative 20 breaths/min lung (Fig. 9B) and 60 breaths/min lung (Fig. 9A) . To each panel we added a tracing of normalized lung volume vs. time where 0 is end-expiratory lung volume and 1 is end-inspiratory lung volume. The right axis provides a scale for this curve. For 20 breaths/min, a plug is seen early in the inspiratory phase, which corresponds to the plug seen in Fig.  3Aa . We assume that this plug was present in the trachea before we detected it in the main stem bronchi, but we could not clearly define the plug size because its speed caused it to be blurred in those images. At the end of inspiration, plugs begin to reform in the distal airways of the main stem bronchi and grow in size as liquid drains down the airway wall. An image of these plugs can be seen in Fig. 3Ba . For the 60 breaths/min lung, plugs are detected in the distal airways at the end of expiration of the second breath (see Fig. 3Cb ) and again at the end of the third expiration. The normalized total plug volume for the 60 breaths/min plugs is, on average, smaller than the total seen in the 20 breaths/min lung. In summary, for the 20 breaths/min group, in which liquid was preferentially delivered to the gravity-dependent regions of the lung, liquid plugs are larger and maintained for longer periods of time for than the 60 breaths/min group, in which the liquid initially coated the more central airways and provided a vertically uniform liquid distribution after 20 breaths. In addition to the plug propagation mechanisms, gravity acts on the liquid to transport it down the airway wall toward the dependent lung. For the slow ventilation rate (20 breaths/min), long dead times between end expiration and the start of the subsequent inspiration are present (Fig. 9B) . Over this time, gravity acts on the liquid coating the airway walls, causing it to drain into the smaller, gravity-dependent airways where plugs can reform. This mechanism is clearly promoting plug formation from the end of expiration (time Ϸ 2 s) until the start of inspiration (time ϭ 3 s) as seen by the increase of airway plug volume in Fig. 9B . Thus gravity assists in liquid delivery to the dependent lung for 20 breaths/min. For the faster ventilation rate (60 breaths/min), gravity appears to smooth out the vertical distribution of liquid. Immediately after liquid instillation, the liquid plug ruptures, resulting in a thick liquid layer on the walls of the trachea and main stem bronchi. Over the subsequent breaths, this liquid layer drains down the airway wall via the force of gravity, resulting in a more uniform vertical distribution of liquid.
Conclusions
We instilled small liquid plugs (0.05 ml) of surfactant into vertically suspended excised rat lungs at two ventilation rates, 20 and 60 breaths/min, over 20 breaths. The respiratory rates reported in our study would be used during the instillation phase of surfactant delivery in an intubated patient such as a preterm newborn whose ventilation rate is determined by the use of an Ambu bag or ventilator. This phase may last only a few minutes to assist the transport of liquid to its targeted location. These locations may be central airways, lung lobes, or specific terminal regions depending on the therapy: surfactant replacement, drug delivery, or genetic material. After this initial targeted instillation is achieved, normal ventilation using an appropriate ventilation rate could be used.
At 20 breaths/min, the liquid was quickly driven into the gravity-dependent region of the lung. At 60 breaths/min, the liquid was first deposited on the airway walls and then transported toward the gravity-dependent region of the lung over the following breaths. After the 20 breaths, the liquid in the 20 breaths/min group was localized in the gravity-dependent region of the lung whereas the liquid in the 60 breaths/min group was vertically distributed in a more uniform manner throughout the lung. The cause of the liquid propagation and final liquid distribution results from the interplay of liquid plug dynamics and gravitational effects. At fast ventilation rates (60 breaths/min), an instilled liquid plug ruptures during the first inspiration, liquid coats the large central airways, and liquid drains down the airways over the following breaths via the force of gravity. At slow ventilation rates (20 breaths/min), the instilled liquid plug remains intact over most of the first inspiration, liquid plugs form via gravitational drainage after the first expiration, and the liquid is driven into the dependent lung on the second inspiration.
This study provides insight into the physical mechanisms for liquid delivery into the lung. It focuses on the early, transient behavior that dictates the resulting distribution, which may be weighted distally for slower ventilation rates or more proximally for faster rates. This information can be clinically im- portant when using liquid as a vehicle for drug or gene delivery. Understanding the transient effects of liquid delivery will enable increased accuracy for targeted delivery of liquid carrying drugs and genetic material to central airways, lung lobes, or spatially oriented terminal regions. Our study shows that the targeting is linked to the ventilation rate. Genes, drugs, or other material can be loaded into an instilled plug for accurate delivery to a preferred pulmonary site. This knowledge allows for finer control over the dose of a material to a particular lung region and more efficient utilization of the delivered material.
For delivery of surfactants, for example, if the liquid is instilled into the terminal regions of a lobe by using a slow ventilation rate, it may be difficult to redistribute that liquid to other lobes by rotating of the patient, as is currently done in surfactant replacement therapy, to achieve a surfactant distribution that is homogeneous throughout the lung. However, if the liquid is instilled at a fast ventilation rate, the majority of the liquid should coat the airway walls and then could be directed into different lobes of the lung by rotating the patient.
